In this paper, we present a novel AC-pulse modulated electrohydrodynamic (EHD) jet printing technology that enables high resolution fabrication of electrical features and interconnects using the silver nanoink on highly insulating substrates. In traditional EHD jet printing, the remained charge of the printed droplets changes the electrostatic field distribution and interrupts the follow-on printing behavior, especially for highly insulating substrates having a slow charge decay rate. In this paper, a modulated AC-pulsed voltage was used for the EHD jet printing process that can alternate the charge polarity of the consequent droplets to neutralize the residue charge on the substrate. The effect of the residue charge is minimized, which enables high resolution printing of continuous patterns. With three printing parameters (e.g. pulse frequency, voltage, and duration), the EHD jet printing speed and droplet size can be controlled independently. We demonstrated that AC-pulse modulated EHD jet printing can overcome the charge accumulation challenge on highly insulating substrates, and investigated the variables of fabrication process to achieve reliable jet printing of conductive silver tracks.
Introduction
Printing as a flexible low-cost electronics fabrication method that aims to fabricate electronics directly [1] attracts more attention recently. Ink-jet printing has been widely used for the deposition of a wide range of low viscosity functional materials over large area with high speed [2] [3] . The ink-jet printers use acoustic or thermal energy to first form monodispersed droplet in the picoliter volume range, of which the radiuses of the droplet are comparable to the nozzle head. Then the droplets are ejected from the nozzle and be deposited over the desired position on substrates by many methods, such as piezoelectric actuation. Many important electronics features have been successfully fabricated by ink-jet printing, for example, electrical interconnections [4] , transistors [5] [6] [7] and integrated electronic device, organic photovoltaic solar cells [8] and information display [9] . In general, the resolution of the ink-jet printing technique is quite limited. The printing resolution in ink-jet printing is mostly determined by the dimension of the printing nozzle, and is typically limited to about 20 μm. Reducing the nozzle size with micron-scale orifice to obtain smaller droplets is challenging and costly [2] . Moreover, smaller nozzle size will required a very high and unpractical actuation pressure for many viscous inks, since the printing pressure scales up much faster than the decrease of the nozzle diameter according to Hagen-Poiseuille equation.
Electrohydrodynamic (EHD) jet printing are promising approaches to achieve higher printing resolution [10] .
In electrohydrodynamic jet printing, the strong electrostatic field between the nozzle tip and the substrate produces surface charge of the ink and form a Taylor-cone structure, and generate micro-scale droplets [11, 12] when the electrostatic stress at the cone tip exceeds the surface tension. The diameter of the droplet is significantly smaller than the nozzle size, which overcome the resolution limitation of the nozzle size.
Electrohydrodynamic jet printing has been applied to many applications for printing of conductive tracks [13] and transistors [14, 15] . However, compared to the wide applicability of ink-jet printing, EHD-jet printing still has some technical difficulties for many applications. In EHD-jet printing, a DC-voltage is applied to the nozzle tip to form the Taylor-cone and the droplets. The printing behavior is mostly determined by the ink properties, printing setup, along with the process conditions [16] , such as the applied voltage. Due to the coupled process conditions, the droplet size and the printing frequency/speed cannot be controlled independently.
Besides the limited process controllability, the other critical challenge of EHD jet printing is the residue charge of the droplet from the printing process, which may be stored on the functional surfaces over days or weeks [17, 18] . The charge on the insulating substrate will change the electrostatic field distribution and the follow-on printing behavior. In EHD jet printing using DC voltage with the same polarity [19] [20] [21] [22] [23] [24] [25] [26] , the printed droplets on highly insulating substrates retain the same polarity and reject each other [27, 28] . Many highly insulating substrates, such as Teflon and PET, have very slow charge decay rates. The residue charge makes the control of EHD jet printing very challenging for the fabrication of high-resolution continuous features. In many electronic applications, such as flexible electronics and electronic packaging, the commonly used substrates, such as Polyethylene terephthalate (PET) and Ajinomoto Fine film (ABF), are highly insulating and can retain charge for a long time. The residue charge issue needs to be carefully addressed, otherwise will impose heavy constraint on EHD jet printing technology.
In this paper, an AC-pulse modulated electrohydrodynamic (EHD) jet printing process is developed to enable drop-on-demand printing of continuous features on highly insulating substrates (e.g. ABF and PET), which are difficult to be printed with traditional DC-based EHD jet printing process. By using AC-pulsed voltage in printing, the charge of the printed droplets are neutralized by switching of the charge polarity of the consequent droplets. The undesired effect of the residue charge is minimized on the EHD printing process, which enables the printing of the high resolution continuous patterns on highly insulating substrates. With three printing parameters (e.g. pulse frequency, voltage, and duration), the EHD jet printing speed and droplet size can be controlled independently. We demonstrated that AC-pulse modulated EHD jet printing can overcome the charge accumulation challenge on highly insulating substrates, and investigated the variables of fabrication process to achieve reliable jet printing of conductive silver tracks.
Printing System and printing Process
The EHD-jet printing system is composed of three subsystems, as shown in Figure 1 
control the printing speed. When the voltage and the pulse duration are properly selected, each positive or negative pulse will eject a droplet. The resulting printing frequency wills double the pulse frequency of the command signal. The pulse amplitude is selected to provide large enough electrical stress to provide enough electrical field to form the meniscus and eject the droplets. The duration of the voltage pulse determines the time to accumulate charge, which controls the size of the droplets. When each positive and negative pulse eject a droplet, the charge from the consequent droplets neutralizes each other, and effectively minimizes the effect of residue charge.
Characterization of EHD-jet printing process with AC pulsed voltage
The silver NP ink DGP 40LT-15C (Advanced Nano Products, Co., Ltd, South Korea) with 30-35% solid content stabilized by proprietary stabilizer is used for EHD printing of continuous interconnects. In the AC-pulse modulated EHD-jet printing process, three parameters that include pulse frequency, pulse voltage, and duty cycle are used to control the printing process. The effect of these process parameters to the printing process was characterized to achieve reliable EHD-jet printing. The process characterization was performed on glass slides. To observe the effect of different process conditions, we changed one process parameter (from pulse frequency, pulse voltage, and duty cycle) at a time while keeping others constant. Then continuous electrical interconnects are directly printed onto the glass substrates, and two highly insulating substrates, Polyethylene terephthalate (PET)
and Ajinomoto Fine film (ABF), which are hard to print with DC or DC pulsed voltage.
In EHD-jet printing, the electric stress from the applied voltage deforms the liquid ink at the nozzle tip into the Taylor cone, and eventually produce droplets when the electrical stress is larger than surface tension. Finding the proper voltage range to start the EHD-jet printing process at different the frequency and duty cycle of the pulsed signal is a critical step for process development. In EHD-jet printing, both the electric stress on the meniscus and the duration time when the electric stress is applied are important on the droplet generation. As a result, the required voltage (defining the electrostatic stress) is depend on pulse frequency and duty cycle (together defining the voltage duration time). We experimentally characterized the required voltage amplitude for EHD-jet printing with respect to the pulse frequency and duty cycle. For each fixed duty cycle, using a larger pulse frequency will result in increased threshold voltage to start printing. At a very low pulse frequency, the EHD-printing is very close to the condition where a constant DC voltage is used. At each specific signal frequency, the pulse signal with smaller duty cycle required larger threshold voltage for EHD-jet printing. The reason for this relationship comes from the difference in duration time for different signals. For high frequency pulse or pulse with small duty cycle, with less time for charge accumulation, a larger voltage is needed to produce the meniscus and the droplets. At the high frequency range, we observed a sharp increase in the threshold voltage, which can be explained by the time for charge migration and meniscus formation. The charge will need some time to migrate to the surface of the ink at the nozzle tip to overcome the surface tension and form the meniscus. When the duration time at high frequency is close to the time constant of charge migration, a very large voltage will be needed to provide enough electrical stress to produce the droplets. This time constant of charge migration and meniscus formation generally determines the maximum achievable printing speed.
To find the relationship between pulse frequency and printing speed, we fixed the pulse voltage and the duty cycle, and use different frequency in printing. Given the speed of stage, by measuring the spacing of the printed droplets, the printing frequency can be measured. From experiments, printing frequency is precisely two times of the pulse frequency, which indicates that both positive pulse and negative pulse eject a droplet. The printed droplets have very uniform dimensions (Figure 3(a) ), indicating similar charge carried by two consequent droplets, but of opposite polarity. Thus the residue charge can be neutralized in the substrate for continuous feature fabrication. Compared to EHD printing using DC voltage, the process using AC-pulse is robust for insulating substrates, because no net charge is printed onto the substrate surface. For highly insulating substrates used for flexible electronics and electronic sealing and packaging, including ABF, PED, Teflon, and PDMS, charge can stay on the surface for a long time, which make high resolution deposition of continuous interconnection very difficult. As the increase of the printing frequency, a reduced droplet dimension was observed, as shown in Figure 3 (a). Since the same duty cycle was used, larger pulse frequency indicates smaller duration time. Thus for the same voltage amplitude used, the produced droplets became smaller due to less time for charge collection at the nozzle tip.
Pulse duty cycle and pulse voltage both affect the droplet size. To characterize the effect of duty cycle on the size of the droplets, a set of printing tests were performed with the pulse frequency and voltage fixed. At very small duty cycle (<5%), there is no droplet ejection due to insufficient charge accumulation and electrical stress to produce the droplets. As duty cycle increases from 6% to 12%, the size of the printed droplets are increased from about 10 µm to 14 µm, as shown in Figure 3 based on DC pulsed voltage [19] , but is opposite to the results from EHD jet printing with constant DC voltage [29] , in which a larger voltage generally results in a higher printing frequency, but smaller droplet size. The difference of the voltage effect may come from the different droplet generation mechanism. The droplet formation mechanism for EHD printing with constant DC voltage is based on tip-streaming [30] [31] [32] , in which the droplet is generated in unstable region from the Taylor-Cone. For EHD-jet printing using AC pulse voltage, the droplet generation mechanism is very complicated [33] . The retreat of the meniscus when the voltage pulse is removed may produces the droplets, which is similar to the droplet pinch-off in ink-jet printing. Thus larger voltage indicates larger meniscus, and then larger droplets.
Drop-on-Demand Printing of Continuous Interconnects
To demonstrate the capability and versatility of the process control in AC-pulse modulated EHD-jet printing, a letter "S" is drop-on-demand printed in the form of separate droplets on glass slides, as shown in Figure 4 . The results demonstrate good and independent controllability of the printing speed and droplet size by using AC-pulse modulated EHD-jet printing.
It is very difficult to print continuous features on highly insulating substrate with traditionally EHD-jet printing using constant or pulsed DC voltage, due to the residue charge carried by the printed droplets. For highly insulating substrates, Polyethylene terephthalate (PET) and Ajinomoto Fine film (ABF), EHD-jet printing using constant or pulsed DC voltage is uncontrollable which keeps switching between either no printing or printing droplet with huge volume. Previous studies [28] also indicated some other challenges for printing onto highly insulating substrates, such as droplet repulsion, which make the fabrication of continuous features extremely difficult.
Using the AC-pulse modulated EHD-jet printing, we successfully printed droplets with high resolution on ABF and PET substrates, which both are highly insulating substrates with long characteristic time constant for charge decay. However, to achieve continuous interconnects, the separate droplets need to be overlapped properly to form a continuous trace. When the printing speed and droplet size are fixed by certain pulse voltage duration and frequency, the droplet spacing and overlap is purely determined by the plotting speed in which the substrate is moved by the XY-stage. As shown in Figure 5 (a), in order to print connective silver tracks instead of separate dots on substrates, two adjacent droplets has to have a minimum overlap between each other. For high quality interconnects with smooth edge, certain overlap between adjacent droplets has to be used to reduce the edge Using identified process conditions for AC-pulse modulated EHD-jet printing, we successfully printed continuous interconnects and the contact pads with high resolution on highly insulating substrates, including ABF and PET substrates, as shown in Figure   6 . Clearly the contact pad and interconnect line are continuous. The smallest feature dimension (line width) in these patterns is about 3 um. These simple continuous features indicate that carried charge in droplets is neutralized on these highly insulating substrates using AC-pulse modulated EHD-jet printing technology; otherwise accumulated residue charge and the resulting repulsion between droplets will make the continuous printing almost impossible.
To obtain good electrical conductivity of the silver lines, a good thickness of the silver lines is required. In 
Conclusions
In this paper, a new AC-pulse modulated high-resolution electrohydrodynamic (EHD) jet printing technology was developed and the effect of process parameters on the printing behavior was systematically. By three printing parameters (e.g. pulse frequency, voltage, and duration), the printing speed and droplet size of the EHD jet printing can be controlled independently, in which printing speed is controlled by the pulse frequency, and the droplet size is controlled by the voltage or the pulse duration. By using AC-pulsed voltage, the residue charge of the printed droplets is neutralized by switching of the charge polarity of the consequent droplets. The undesired effect of the residue charge is minimized, which enables high resolution printing of continuous patterns on highly insulating substrates. We demonstrated that AC-pulse modulated EHD jet printing can overcome the residue charge problem for highly insulating substrates, and investigated the parameters of fabrication process to achieve reliable jet printing of conductive silver interconnects.
